INFO #: 18845448

SHIP ViA: Ariel
Ariel
FILLED ON: 11/06/2008

Entered:
LOS ALAMOS NATIONAL LABORATORY

Jean-Franceois Lucchini

11/5/2008 12.:13:00PM
NB 11/12/2008
12:00 AM PT

A

0 A0 e

Infotrieve, Inc.
1888 Century Park East, Ste 600

Los Angeles, CA 90067
Phone 800-422-4633 or 203-423-2175

Fax

NB 11/12/2008
12:00 AM PT
A

oldings
Send article only if in the Library collection

SHIPTO: 14288 /2205718

LOS ALAMOS NATIONAL LABORATORY
Jean-Franceis Lucchini
Aldl

Please contact us if you have questions or comments regarding this article.

Email: service@infotrieve.com

CUSTOMER INFO
PHONE: +1.575.234.5556
FAX: +1.575.887.3051
TEAM: T8-14288
COURIER.:

ARIEL:
NOTES:

Main 1962-1993
Publisher 2000-2002 Online

ARTICLE INFORMATION
0033-8230
RADIOCHIMICA ACTA
69(3):169 176 1995

Phone: (800) 422-4633

THERMODYNAMICS OF NEPTUNIUM(V) IN CONCENTRATED SALT-SOLUTIONS .2. ION-IN

Send article only if in the Library collection

CcCD 0

SHIP VIA Ariel

ORDER #

BILLING REF

ORDERED ON FE/05/2008

FILLED ON 1 1/06/2008

NEED BY 11/12/2008
ATTENTION Jean-Francois Lucchini
INFO # 18845448

This document is protected by U.S. and International copyright laws. No additiona! reproduction

is authorized. Complete credit should be given to the original source.



Radiochimica Acta 62, 169176 (1995}
© R. Oldenbourg Verlag, Miinchen 1995
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Abstract

A comprehensive set of ion interaction parameters of the Pitzer
model, including the relevant thermodynamic constants and
standard chemical potentials, is evaluated for the hydrolysis re-
actions and carbonate comiplexation of Np(V) in NaClO, and
NaCl solutions. Based on the hitherto available solubility prod-
uets, hydrolysis constants and carbonate complexation constanes,
the binary Pitzer parameters % and §*" for the interaction of
the Np(V) complex species with Na* are evaluated, The affinity
of the NpO; ion and its complexed species for the CI™ ion is
treated as a strong ion-ton interaction by taking into account
mixing parameters &,. With these parameters, equilibrium con-
stants for the hydrolysis reactions and carbonate complexation
of Np(V) are calculated in a wide range of ionic strength, up to
6.5m NaClO, and 5.6 m NaCl. Solubilities of various Np(V)
solid phases are calculated for different NaClO, and NaCl con-
centrations in both carbonate-[ree solutions and sysiems with a
constant CO, partial pressure, and the results are compared with
experimental values.

1. Introduction

The predictive geochemical modelling of the aquatic
behaviour of Np(V) requires a fundamental database
consisting of chemical potentials (thermodynamic
equilibrium constants) for all species involved and
model parameters for calculating the excess Gibbs en-
ergy of the aqueous solution. The predominant geo-
chemical reaction of Np(V), beside its week chloride
complexation [1] and hydrolysis {2—11], is the car-
bonate complexation [11—21]. In saline solution, the
aqueous Np(V) species are in equilibrium with differ-
ent solid phases [1—3, 1116, 22, 23}, depending on
the salt concentration, pH and CO, partial pressure.
The activity coefficients of the species involved in
these equilibrium reactions can be calculated by semi-
empirical models comprising the specific ion interac-
tion theory (5.1.T.) [24] and the ion interaction model
of Pitzer [25]. The S.LT. has been applied frequently
to describe the ionic strength dependence of solid-
liquid equilibria of Np(V) in NaClQ, solution [3, 12,
19, 20]. However, the applicability of the §.1.T. is con-
fined to ionic strength less than 3.5 mol/kg [12]. The

Pitzer model with its extended parameters for ion-ion
interactions can be applied from zero to high ionic
strength in systems of unlimited complexity.

The binary Pitzer parameters S, § and C* for
the interaction of NpO3 with CIO; and CI~ have been
evaluated recently [1] from NpOj trace activity co-
efficients determined by solvent extraction with
NaDNNS in 0.2—5M NaCl0O, and in 0.2—5 M Na(Cl,
respectively. The different behaviour of the NpO3 ion
in NaClQ, and NaCl solutions has been described suc-
cessfully by considering the interaction between NpO3
and CI~ as a strong ion-ion interaction without invok-
ing Np(V) chloro complex species. Together with the
known Pitzer parameters in the systems Na*/H*/OH "~/
HCO; /CO5~/CIO; (C17)/H,O at 25°C [25-30], in-
cluding recently evaluated parameters @, and ¥,;, for
i = QH", HCO; and CO3~;j = CIOQJ; & = Na* [30],
the solubility products of the Np(V} hydroxide and
carbonate solid phases have been predicted accurately
as a function of the NaClQ, or NaCl concentration [1].

The present study is aimed to determine appropri-
ate parameters for the Np(V) hydrolysis and carbonate
species. In carbonate-free solution, the hydrolysis
species NpO,OH® and NpO,(OH); are formed at pH
= 10 {2, 3, 11]. In carbonate solution, the formation
of three monomeric complexes NpO(CO)L™2 (n =
1, 2, 3) is predominant [11-21], Under atmospheric
conditions (pCO, = 107*%aum) in the pH range 6—
11, neither hydrogencarbonate nor mixed hydroxocar-
bonate complexes of the NpO: ion are formed to a
significant extent, and the hydrolysis becomes much
inferior to the carbonate complexation. The formation
of mixed Np(V) chlorocarbonato species has been as-
sumed previously [11, 13] in order to explain consider-
able differences cbserved for the solubilities in con-
centrated NaCl and NaClO, solutions. In the present
work, the differences between NaCl and NaClO, solu-
tions are considered as caused by strong ion-ion inter-
actions between the Np{V) complex species and Cl-,
similar to the case of the aquo NpO% ion [1].

2. Determination of Pitzer ion interaction
parameters for the Np(V) hydrolysis species
and carbonate complexes

The experimental input data for the determination of
the desired model parameters, i.e. the formation con-
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Table 1. Pitzer ion interaction parameters used for the present

calculation
Binary parameters
ﬁ:m ﬁ(l) e Ref

Na*/Cl” 0.0765  0.2664 0.00127 {25, 26}
Na*/ClC; 0.0554  0.2755 -—-0.00118 [25, 26]
Na*/OH~ 0.0864  0.253 0.0044  [25, 26]
H+/Cl- 01775 0.2945 0.00080 [25, 26)
H*/CI10; 01747 0.2931 0.00819 {25, 26]
Na*/CO3- 0.0362 1510 0.0052  [25, 28}
Na*/HCO; 0.028 0.044 0 [25, 28]
NpO:/CI™* 0.1415  0.28t 0 11
NpOf/CIO; = 0.257 0.180 0.0081 [1]
Ternary parameters

i/jlk 8, Vs Ref.
H*/Na*/Cl~ 0.036 —0.004 {25,273
OH-/Ct /Na” —0.050 —0.006 [25, 271
CO37/CI/Na* —-0.02 0.0085 [25, 29]
HCGO;/Cl"/Na* 0.03 —0.015 [25, 29
H*/Na*/CIO; 0.036 ~(.016 [25, 271
OH~/CIO; /Na* ~0.032 ¢ [30]
CQ5™/CIO; /Na”® 0.21 —~0.024 [30]
HCO; /CI0; /Na™ 0.095 —0.010 [30]
OH"/CO3" /Na* 0.10 ~0.017 25, 29j
HCO; /CO3~ MNa' —0.04 0.002 {25, 291

* Ouytmipats Prat mpoziciog a0 P uporscr- are set equal to 0.

stants of the species (NpOQ,),(OH),{(CO,)*~* at given
NaClQ, and NaCl concentrations, are defined by:

g = [P0, (OH)(CO "

" [NpO3P[OHT'COy

The hydrolysis constants (logf,q) used for the present
calculations are taken from our solubility studies in
0.1—-3 M NaClQ, 12, 31 and in 5 M NaCl [11]. Some
literature data [4—10], which scatter several orders of
magnitude because of experimental artefacts involved
{3}, are disregarded. The carbonate complexation con-
stants {logf1,.) reported by different authors [11—21]
agree quite well with one another, independent of the
applied experimental method. However, some data are
found to deviate up to 0.4 log units from a general
tendency of ionic strength dependence. Therefore, the
results from our solubility experiments [11--13] are
weighed in double for calculation.

The hydrolysis and carbonate complexation con-
stants in a given medium are related to the thermody-
namic constants at / = 0 according to Egs. {(2) and (3},
respectively:

log 1.0 = log ftw + 10g Prpor (2)
+ nlog You- —10g Ppouomye
logﬁ;m] = Iogﬁloﬂn + log'y}qpc; (3)

+ n10g Ycor- —10g Prponcon; -2 -

The trace activity coefficients Yoy, You- and Yoz~ are
calculated with the Pitzer parameters summarized in
Table 1. The Pitzer ion interaction parameters, which

Table 2. Thermodynamic formation constants/standard chemicaj
potentials for the Np(V) hydrolysis species and carbonate com.
plexes at 25 °C evaluated in the present work

Thermodynamic  Standard chemiéaj
formation potentials *
constants H#° (kE moly
Hydrolysis species log f5e
NpO,0H° 2.6940.12 ~-1087.60
NpOL{OH); 4.46=0.06 —1254.95
Carbonate complexes log Bt
NpO,CO; 5.03:0.06 ~1471,52
NpOL(CO,)3~ 6.470.14 —2007.55
NpOCON;- 53.37+0.36 ~2529.08
* Calculated according to:
ll(awp()z).(ol-{:‘(c‘on?"‘:: = —-RTIn ﬁ_?v; +xﬂgpo§ +yugu- + Zﬂgni"

with
[0 = —915.05.4 kI/mo} [32],

L8 = —157.244 K/ mol [33), piéer- = —527.81 kI/mol [33],

Table 3, Pitzer ion interaction parameters for the Np(V) hydrolysis
species and carbonate complexes at 25 °C evaluated in the present

work®
Arposort i 02007 Pioxcor mar 0.10=0.03
dpOron et —0.195£0.05"  floxosmat 0.34¢
oot —0.21+£0.03¢
Brioxoms ms' 0+0.05 Pihoxcont ma 0.48+0.05
Biirosoms ma 0 ﬁﬁ?xo:(coug‘mf 44 +0.8
moomzrer —0.2420.03' Onoyconrie —0.26%0.03¢
J()N:E;):o;ccou}'m;ﬁ 1.80%0.06
Bloscont 227 *15
NpO,:(CO;ﬂ'K‘V "026"_&002" )

» O and W, are set equal to O for all Np(V) hydrolysis and
carbonate species.

® %, is set equal to O for j = ClO7 (see text).

¢ Fixed value (see text).

All @, values are set equal to 0 for j = ClO7 (see text}.

are necessary for caleulating the activity coefficients
of the complex Np(V) species, and the thermodynamic
constants log f° are evaluated simultaneously by a
non-linear least squares procedure minimizing the dif-
ferences between calculated and experimental log '
values in both NaClO, and NaCl solutions. The evalu-
ated thermodynamic formation constants and Pitzer
parameters are surnmarized in Tables 2 and 3.

Due to the limited number of available experi-
mental data and their inherent uncertainties, it 1s found
impossible to determine all hitherto unknown ion in-
teraction parameters in the system Np(V)/Na*/H*/
OH~/C0O%/CI0; /C1 /H,0. Therefore, the following
simplifications have been made:

(1) All parameters accounting for the jnteraction be-.
tween two or three different trace components and
terms involving a product of molalities of trace com-
ponents are set to Zero.

(2) The parameters accounting for triple ion interac-
tions of Np(V) hydrolysis species and carbonate com-
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plexes (C¥ and ¥, with { = Np(V) complex species)
are also set to zero.

{3) When there is no accurate measurement available
at low ionic strength, the parameter 5" has to be esti-
mated. We recommend to fix £ to a certain value
rather than to set it equal to zero. Setting S = 0 is
an oversimplification in particular for higher charge
type electrolytes (other than 1:1 electrolytes) and
leads to systematic deviations in the concentration de-
pendence of activity coefficients. It has been demon-
strated recently [31] that the binary parameters g
specific for the interaction of complex species with
the ionic medium can be estimated from a correlation
between 4/ and 4z For 1:1 electrolytes the fol-
lowing correlation has been derived [31]:

AT =034 422 “

where z; is the ionic charge, 4z* = Zz}(products) —
Zzieducts) and Af0 = ZFC(products) — XA
{educts). Applying the " parameters for NpO3/CIO;,
Na*/OH~ and Na*/CQj3~ given in Table 1, the follow-
ing values are estimated:

! o
ﬁs\'z;‘!OJCOSINu* -~ 0‘34

1 P
)6’%*:;}:03(01{)3‘/1\:-4* -~ 0

For electrolytes of charge type higher than 2:1 it is
difficult to derive a similar correlation because of the
limited number of available experimental data. How-
ever, from a general correlation of S with corre-
sponding charge type electrolytes, the values of about
4.3 for fl¥ouconyma and about 23 for Blloxconi-mat
are  estimated. The best fitted value of
Piipoxconi-ma+ = 4.4 is in good agreement with the es-
timated wvalue and the best fitted value of

Npoxcontmat = 22.7 s close to known values for the
fivefold negative ion PO} (Bibormes = 21.7
and fPbsc+ = 23.8 [25]). In the case of the second
hydrolysis species, the parameter A®ouomsma: 1S
found to be not significant and thus set equal to zero.

(4} The parameter 8 for the interaction of negatively
charged Np(V) hydrolysis species and carbonate com-
plexes with Na™ and the parameter @ for the interac-
tion with CIO; or Cl~ can not be determined sepa-
rately. This would require further experimental data in
the binary electrolyte system, which are however not
available. The activity coefficients of negatively
charged Np(V) species (Yuuwn-) in pure NaClO, or
NaCl solution are related to these parameters by

2 o
In Yrpo- =27 Fb 2’T?N:\C104(ﬂf\"]§(VJ"/Na* + @NF(V)“ICIOS) +..

(5a)
or

In Prapevyr = 2 FF 21‘?1:%.1(:1(&-5:);(\/)71\:& + @Np(vr.'cr) +
(5B

where the term F depends only on the ionic strength
(see Pitzer equations [25]). Therefore, the parameters
;‘?ric\frma*s O npvy-scios and Oripevy-scr- given in Table 3

are not independent of each other. The parameter f

Tuble 4. Formation constants of Np(V) hydrolysis and carbonate spe-
cies in NaClO. and NaCl solutions at 25°C; experimental data and
values calculated by the Pitzer model

Species Medium /1, log § Ref, log #’
{mol/kg) (exp.} method*  (calc.)
NpO,OH® NaClO, 01 244016 [3], sol 2.48

1.05 2652020 [3], sol 245
2.09+0.62 12, 3], sol
33 3.11x033 3], sol 292

NaCl 5.6 3.61+0.22 {11], s0l 3.61
NpGO.(OH);  NaClo, 01 4.10+0.12 3], sol 4.27
1.03 437014 [3), sol 4.33
441x0.18 (2, 3], sol
3.3 502%0.26 [3], sol 4.97
NaCi 56 5.88x=0.19 [11], s0] 5.88

NpO,COr  NaClo, 0.1 4.58+0.04 [12], sol 4.58
438+0.04 [12], spec
434004 [19], spec
4.52+20.02 [21], sol

0.2 4.13x0.03 [17], ex 4,48
0.51 4.29%0.1 [20], spec  4.36
1.05 4.48+0.04 [12), soi 4,32

4472006 [15], sol

4124001 [18], ex

35 469£0.04 [12], sol 457
502 {16}, sol

6.5 4894005 [12], 50l  5.08

NaCl 0.1 4.68£0.03 [11], spec  4.57
1.02 431+0.07 [11], sol 4.24
32 4.6420.07 [11], spec 432
56 4.63 [13], sol 4.69
4.66+£0.04 [11], so0l
4.6720.13  [11), spec

NpO«(CO3%" NaCi0, 0.1 6.600.07 [12], sol 6.58

64203 [12), spec
02 7.05x£0.05 [17], ex 6.62
0.51 648%£0.2  [20), spec 672

105 692%006 [12]s0l 689
707+0.02 [15]. sol

6741001 [18], ex
33 7564007 [12] sl 7.50
8.02 [16), sol
65 BO6=0.00 [12), 50! 816
NaCl 102 647009 [1{),s0l 665
56 7.13 13 sol  7.32

7.4420.05 [11], sol
7532019 [11], spec

NpO.(CO.Yi~ NaClO,  0.51 7.87+0.2  [20], spec  8.11
1.05 2.6120.09 [12), sol 8.60
8.47+0.10 [15], sol
35 10.10£0.09 [12], sol  10.23
10.26 [16], sol
6.5 11.1320.08 [12],s01 11.05
NaCl 1.02 8.4020.06 [11], s0l 8.15
5.6 9.58 [13], sol 9.35
9.48+0.05 [11], sol

*# sol: solubility experiment; spec: spectroscopy; ex: solvent
extraction.

includes &y, 05, which has been arbitrarily set
equal to zero, and the given @y,v,-.c- value actually
represents the difference of @yuvy-rom ™ Onpevy-scios -
The same problem arises for the neutral hydrolysis
species NpO,OH®. The parameters A for the interac-
tion of the neutral species NpO,OH® with Na* and
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Fig. 1. Formation constants of the Np(V) hydrolysis species;

experimental data in NaClQ, (@) and NaC} (L)) solutions and

the ionic strength dependence predicted by the Pitzer model. The
symbol (O) represents log f° at 7 = 0 (see Table 3).

CIO; (in NaClO, solution) or C1~ (in NaCl solution)
are not available independently:
In Praposons = mNnCI(h(;'tho:ou"/N;ﬁ +2Npozoi-|“/c1{)3)
(6a)
or

In Prposon: = mN-..Cl(f]LNpo:OH'.'Nu" + AN[)O:OH'!CI_)- (6b)

Since In Pupc.on- Shows no significant dependence on
the NaCiQ, concentration, both Au.c.onwm,- and
Arpooncior are set equal to zero, 1.e. Yupomon = 1 in
NaClO, solution. The parameter Awpo.on+c- merely de-
scribes the different behaviour of NpO,OH® in NaCl
and NaClO, solutions.

Table 4 shows that the log 8° values calculated
with the parameters from the present work agree well
{in most cases within 0.2 log units) with the experi-
mental data in both NaClO, and NaCl solutions. Some
values of log f1,, and log 1y, in 0.2 and 3.5m
NaClO, {16, 17] deviate up to £0.4 log units from the
calculated ionic strength dependence. Comparisons of
calculated values with experimental hydrolysis and
carbonate complexation constants are illustrated in
Figs. 1 and 2 as a function of the NaClO, and Na(l
concentrations.

The formation constants of the two hydrolysis spe-
cies and the first carbonate complex show no notable
difference between NaClO, and NaCl solutions. For
these species, the interaction with CI™ must be com-
parable to the interaction between NpO3$ and C1 ions.
In contrast to that, with increasing ionic strength
the formation constants of NpO.(CO,E~ and
NpO.(CO,)~ become considerably larger in NaClO,
than the corresponding values in NaCl solution. Due
to the high charge of the complex NpO-(CO;%3,
log fles shows a considerable dependence on ionic
strength and increases several orders of magnitude
from the value at J = 0 (Fig. 2).
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Fig. 2. Formation constants of the Np(V) carbonate complexes;

experimental data in NaClO, (@) and NaCl () solutions and

the ionic strength dependence predicted by the Pitzer model, The
symbol (O) represents log f° at 7 = 0 (see Table 5).

3. Solubility of Np(V) hydroxide
and carbonate solid phases

In order to demonstrate the predictive capability of the-
present model, the solubility of Np(V) is calculated for
the different hydroxide and carbonate solid phases as
a function of [H*] or [CO3~] at different NaClO, and
NaCl concentrations. In carbonate-free solution the
amorphous and aged NpO,OH:-nH,O have been
reported as equilibrium solid phases [2, 3, 23]. In
carbonate solution two solid phases are formed,
either NaNpO,CO,-nH,O [11-16, 21, 22] or
Na;NpO,(CO,), - nH,O [11, 14, 16, 22}, depending on
the carbonate concentration and ionic strength. The
calculation of the solubility depends, to a certain ex-
tent, on whether the crystal water of the solid phase is
considered or not [1], because the water activity a,
decreases considerably at high electrolyte concen-
trations. However, the number of crystal water mole-
cules has been determined only for amorphous
NpQ,OH (n = 2.5 [23]) and for NaNpO,CO; (n =
3.5 {15, 22]). For the latter solid phase, the solubikity
is calculated with and without taking account of the
crystal water. The solubility of amorphous NpO,0OH
has been determined at / = 1 mol/L, where the ac-
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tivity of water does not differ very much from a,, = 1
(a, = 0.966 in 1 M NaClQO,} and hence the water con-
tent of the solid phase has been neglected.

The solubility of Np(V) is related to the solubility
product K, of a given equilibrium solid phase by
Egs. (7—9). In carbonate-free solution, with amor-
phous or aged NpO,OH (amorphous NpO,OH
- 2.5 H,0} as equilibrium solid phases, the total Np(V)
concentration is a function of the OH™ concentration:

'K . .
[Np(V)), = F(")E[‘i (1+2 f1,,[0H7]") (7N
with
]K:'IJ=JK-!?'1/ -:VNPOS' You- (]K:‘p = EK::-;/ prOZ" You- (aw)?..S)'

In carbonate solution, the solubility of NaNpO.CQ,
{NaNpO,CO, - 3.5H,0) is a function of the CO?" con-
cenfration:

L 24

K,
[Np(V)], = e

1+ 285, [CO3 )7
oo Ot A (€0 @

with

K, = K Y Papos Yoo

(K7, = Ko Prat Papor Yoorr (@)
The solubility of Na,NpO4(CQ,), is given by

I“K;',, ,
- (1+2f1,,[COT))

[(Np(V)], = W

(9
with

mes - o 3 2
K.s'p — pr/}}N;l' prO; }’co%' *

The predicted solubilities of amorphous and aged
NpQ,0H, NaNpQ,CO, and Na,NpQ,(CO,), are shown
in Figs. 3 and 4 as a function of ionic sirength and
[H*] or [CO37] in comparison with the experimental
data. The calculated solubilities of Np(V) agree well
with the experimental data in both media, although the
differences of the solubilides in NaClQ, and NaCl
solutions become large at high ionic strength. When
the solubility products of NaNpO,CO, - 3.5H,0 are
calculated taking account of the crystal water (dashed
lines in Fig. 4), the solubilities can be calculated very
accurately (within =0.2 log units).

Recently, Novak and Roberts [34] determined an-
other set of Pitzer parameters for the modeling of
Np(V) solubilities in the system Na*/H*/QH~/CO3~/
ClO;/Cl~ at 25 °C. Table 5 shows a comparison of the
parameters from the present work with those of Novak
and Roberts.They used the same experimental data
{NpO3 trace activity coefficients determined by sol-
vent extraction {13]) for the evaluation of the interac-
tion parameters between NpO3 and ClO; or C1-. They
also used the formation constants from our solubility
studies in NaClQO, solution [3, 12, 13] for the parame-
ttization of the Np(V) hydrolysis and carbonate spe-
Cies. With their one parameter approach (the parame-

s ters {9 C*, @, and Wy, for the NpOf ion and other

-2 T8 Y LR T i
-3 - o NPOLOH (am.) ~
S al _
(=X
=
3 5 -
6 L -
|, 0.1m NaClO,
.2'; S I ! — - I 1.
3Ll .
=
= 4 7
= .
=, " NpO,OH (aged) w_ ®
o -5 L ' o
£ . b
6 | _
_ 1.05m NaClOy |
..25/4 IR NI VRN SO PR WS |
p—t— —
-3 [
(=9
Z
8 -5
6 L
L
Py
e e
-3 NpO,OH (am.) -
5 4t i
[= N
2 L
g Sr NpO,OH (aged) .
-6 |- ]
| 5.6 m NaCl h
gl L et
6 7 8 9 10 11 12 13 14

- log {HY]

Fig. 3. Experimental and calculated solubilities of amorphous

and aged NpO,OH as a function of the H® concentration in

NaClO, and NaCl solutions (molal scale, 25°C): @, B: Neck

et al. [3], O: Lierse er al. [2], []; Runde [t1], —— calculated
with the present model parameters.

Np(V) species have been set equal to zero}, the solu-
bility and solvent exctraction behaviour of Np{V)
could be described well for many conditions. How-
ever, the parameters of Novak and Roberts appeared
to be less satisfactory for NaClO, solutions of higher
carbonate concentrations, for which the discrepancies
between the calculated and experimental solubility
data increase up to 0.5 log units. In concentrated NaCl,
the solubility curve predicted for NaNpQ,CO, deviates
even up to one order of magnitude from the experi-
mental data. Furthermore, some of the thermodynamic
constants calculated by Novak and Roberts differ con-
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Fig. 4. Experimental and calculated solubilities of Np(V) as a function of the carbonate concentration a) in 0.1— 6.5 m NaClO, and_

b) in 1.0 and 5.6 m NaCl {melal scale, 25°C): NaNpO,CO4(s): @: Neck et al. [12, 13], ¥: Meinrath [21], A: Maya [15], O

Runde {11], E: Grenthe et al. [16}, —— calculated with the present model parameters, - - - - caleufated for NaNpQ,CO; - 3.5 HQ.
Na;NpO:{CO;)a(s): B: Neck er al. {14], T Runde [11], ——— calculated with the present model parameters.

siderably from the values obtained by the S.1.T. for-
malism (Table 5). Since both Pitzer equations and
S.I'T. have the same limiting law (Debye-Hiickel) and
are related to the same standard state, the extrapolation
to I = 0 is expected to lead to similar values.

The problems in modeling Np(V) solubilities in
carbonate solution arise primarily from the calculation
of the trace activity coefficient ycoy- in NaClO, solu-
tion. For the NaCl system, a complete set of well es-
tablished binary and ternary Pitzer parameters [25—
297 can be applied to calculate yeee-, and you-. For the
NaClQ, system, Novak and Roberts used the binary
parameters published by Harvie ef al. [29] and set the

log INp(W)];

fog [Np(V)};

log [C0O4%]

ternary parameters @cor-jcio; and ¥igsscoi-rcoos €qual
to zero, However, with increasing NaClO, concen-
tration these parameters considerably affect the calcu-
lation of 1og ycoz-, up to 0.6 log units in 6.5 m NaClO;
[30]. (When the ternary interaction parameters for the
OH~ ion are neglected, the errors in log you- remain
relatively small, below 0.2 log units [301].) Since No-
vak and Roberts evaluated their model parameters:
mainly from experimental data in NaClO, solutions
(with @c:oi“!moq" = ¥ coricior = 1), they obtained
somewhat erroneous log K5 (NaNpQO,CO;) and log
Boon values. Using these values, the solubilities in NaCl:
solutions cannot be predicted accurately. Furthermore,
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Table 5. Comparisen of the present model parameters with the
model parameters of Novak and Roberts [34] for the system
Np(V)/Na*/H*/OH/CO;~/CIO; /CI"/H.O at 25°C

ai Thermodynamic equilibrium constants

Solid phase log K3, (Pitzer model) log K5, (S.I.T.)"
Neck et al.  Novak,
(13 Roberts
[34]'
NpO,OH(amorphous}  —8.78%0.05 —872 —876x0.05 (3]
(NpO.OH - 2.5H,0) (—8.80+0.03)
NpOOH(aged) —-948+£0.07 -9.32 -944%0.10 [3]

NaNpO,CO, —-10.93£0.17 —11.3 1094008 [1)

(NaNpG,CO,-3.5 H.O) {(—11.09=0.11) (—10.940.08 [}
Na;NpOACO,). -14.1820.13  nd.  —14.3220.15 [1]
Solution species log #° (Pitzer model) fogf° (8.1LT.)"
This work?  Novak,
Roberts
[34]"
NpO.OH° 2.69+0.13 258 2702 3]

NpO,(OH);
NpO,CO;
NpOL{CO.}i~
NpOACO:)~

4.46+0.06 427
3.03x0.06 539
6.47+0.14 5.81
3.37x0.36 519

4.35%0.15 [3]
4.83%0.15 [12)
6.35+:0.23 {12]
5.54%0.09 [12]

' Calculated using experimental data in NaClQ, solution.
? Caleulated using all experimental data in both NaClQ, and NaCl
solutions.

b) Pitzer fon interaction paramerers at 23 °C

This Novak, This  Novak,
work  Roberts work Roberts
{34} i34]
JEm—. 0257 0312 filocorm 010 0.161

ﬁ'\lr}uf Jld'sH 0.180 0 ﬁgéow_('n;mn‘ 034 0

Ko roog 0008t 0 Onporcoticr” ~021  ad
ﬁ?«%uf (=} 0.1415  0.169 ﬁ?\')r)»oucnn';"'”“* 048 0407
Pilioteer 0.281 0 ﬂ“ﬁo:(coni'h"f 44 0
C‘;rﬁ-jml . 0 0 Cupoxcomt o —0.26  nd.
fe:v;n:mrmu"‘ 0 0 ﬁ‘rf"riﬂszﬂiﬁk’”“a 1.80 1.97
}.'Np():l myclel 0 0 ﬁg}.(};(cmﬁ“mn* 27 t6
ANpozonse™ -0.19 n.d. @NnﬂllCUD?’C‘" —026  nd
ﬁ‘*‘.a;u VACHY 1Ra 0 0

L!;'»u:;mnj.vw;s* 0 0

Qh,ul:mmfrca“ —.24 nd.

ad. = not determined.

Calculations at higher chloride and carbonate concen-
lrations require parameters accounting for the inter-
action between CI~ and Np{V) carbonate complexes.

4. Conclusions

Using the Pitzer approach with the ion interaction pa-
Tameters evaluated in the present work, the activity co-
tfficients of the NpOQ7 ion, hydrolysis species and car-
'_.bDnate complexes and thus equilibrium constants can

be described accurately from dilute solutions to high
NaClQO, and NaCl concentrations. However, the evalu-
ation of the present set of Pitzer ion interaction param-
eters is based on a number of simplifications, i.e. some
of the model parameters had to be fixed or neglected.
The solubilities of different Np(V) solid phases are
predicted as a function of pH, carbonate concentration
and ionic strength within a maximum uncertainty of
+0.3 logarithmic units in both NaCiQ, and NaCl solu-
tions.
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